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Ticks are hematophagous ectoparasites that transmit a multitude of diseases to humans. 
Borrelia burgdorferi (BB) and Borrelia miyamotoi (BM) are both tick-borne pathogens 
that cause disease in humans and are transmitted by the black-legged tick (Ixodes 
scapularis). A byproduct of blood digestion generates reactive oxygen species that are 
toxic and cause oxidative stress which promotes cellular damage and dysfunction. The 
endoplasmic reticulum (ER) is especially affected by oxidative stress, resulting in a buildup 
of improperly folded  proteins in the ER lumen called ER stress. To prevent cellular 
damage, the tick utilizes an antioxidant system to neutralize ROS and mechanisms to 
mitigate ER stress.  There is very little to no research on BM and BB infection within the 
tick vector that contribute to understanding its molecular mechanism of survival within the 
tick before transmission to the mammalian host. The goal of this research is to elucidate 
the molecular determinants of vector competence to prevent tick-borne infectious diseases. 
We hypothesize that pathogen activation of tick ER stress mitigation pathways and 
antioxidant production in the black-legged tick facilitate BM and BB infection. To study 
the molecular determinants of Borrelia infection in Ixodes scapularis, we used a cell 
culture approach with the Ixodes scapularis embryonic cell line (ISE6) and analyzed 
temporal gene expression. Our results show that BM and BB infection causes upregulation 
of ERAD mitigation pathways and an upregulation of antioxidant production. This research 
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CHAPTER I - INTRODUCTION 
1.1 Ticks and tick-borne diseases 
Ticks are hematophagous ecto-parasites that belong to the Phylum Arthropoda, 
Class Arachnida, Subclass Acari, Order Parisitiformes, and Suborder Ixodida (1). They 
make up three families Ixodidae (hard ticks), Argasidae (soft ticks), and Nuttalliellidae 
(1).  The first arthropod identified as a vector of pathogenic organisms, ticks, have a 
substantial impact on public health (2).  Second to mosquitos, ticks are vectors to the 
most diverse group of pathogens such as Lyme Disease, Rocky Mountain Spotted Fever, 
and Powassan virus (3). The incidence and regional areas of tick-borne diseases are 
expanding. According to the CDC (2018), there are about 30,000 reported cases of Lyme 
Disease each year, but the estimated amount of exposures is estimated to be about 
300,000 (4).  
1.1.1 Argasidae Ticks (soft ticks) 
The Argasidae family, or soft ticks, is composed of four genera and 183 species. 
They are characterized by the lack of a scutum, or dorsal shield (1). In place of a scutum, 
they have a flexible, folded cuticle that expands during feeding (3). It takes Argasidae 
ticks only a few hours to complete a blood meal. Argasids are mostly known for feeding 
on birds and reptiles (some of which are extremely host specific and only feed on bats 
(3)). They have life stages similar to Ixodidae ticks with the exception of multiple 
nymphal stages and the amount of nymphal stages varies between species (3).  
1.1.2 Nuttallielidae Ticks 
The Nuttallielidae family is composed of only 1 species, Nuttalliela namaqua. 
Since this species shares similarities with the Aragasid and Ixodid family and is 
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considered the link between hard and soft ticks (5). N. namaqua has unique, 
distinguishing components such as ball and socket joints in its appendages (3) and a 
fenestrated plate in the atrial chamber (6). It is found in southern Africa and naturally 
feeds on reptiles such as lizards (5). Due to the preferred xeric environment and feeding 
preferences, scientists think that N. namaqua maintains a lifestyle from 250 million years 
ago which would make the tick species the closest living relative to the last common tick 
ancestor (5). 
1.1.3 Ixodidae Ticks (hard ticks)  
Classified as “hard ticks,” ticks in the family Ixodidae have a scutum composed of 
chitin that makes dorsal side hard (2). Ixodidae ticks are capable of expanding and 
growing up to 100X their original weight during feeding due to the synthesis of a new 
cuticle is synthesized for expansion (3). The hard tick family is made up of eleven 
different genera including: Ixodes, Amblyomma, Rhipicephalus, Dermacentor, 
Haemaphysalis, Cosiomma, Aponomma, Margaropus, Rhipicentor, and Hyalomma. The 
life cycle of hard ticks includes three life stages (not including the egg stage): larvae, 
nymph, and adult. After a blood meal, the tick will molt to the next life stage. The family 
is divided into two morphological groups prostriata and metastriata, describing the 
orientation of the anal grove in relation to the anus. The prostriata group, consisting of 
the Ixodes genus, the anal groove is in front of the anus. In the metastriata group, 
consisting of 6 subfamilies, the anal grove is located behind the anus. Ticks from the 
Ixodidae family have the largest impact on medical and veterinary health especially the 




1.1.4 Ixodes ticks 
The Ixodes genus is part of the prostriata group of the Ixodid family. The genus is 
found in temperate regions of the northern hemisphere (8). Although most species of the 
Ixodidae family are medically significant, ticks from the Ixodes genus are responsible for 
spreading diseases such as Lyme Disease, Babesiosis, Human Granulocytic Ehrlichiosis, 
and anaplasmosis.  The Ixodes genus is made up of the closely related ticks ixodes 
pacificus, ixodes ricinus, ixodes persulcatus, and ixodes scapularis. Ixodes Ricinus is 
found in Europe and Ixodes persulcatus is found in Asia (9). Ixodes scapularis is found 
primarily in the northeastern and midwestern United States, while Ixodes pacificus, the 
western black-legged tick, is found in the western region of the United States (10). 
1.1.5 Ixodes scapularis 
Ixodes scapularis, commonly named the deer tick and the black-legged tick, is a 
species of tick that is classified by the CDC as a “tick that bites humans” and is a medical 
concern for northeast and southeast United States (CDC, 2018). It is an obligatory, 3- 
host tick (Figure 1.1) (3) that feeds on a variety of hosts such as mice, household pets, 
deer, and humans. Adult ticks are active in the fall and winter while nymphs are active 
during the Spring and larvae are more active during the summer (Figure 1.1) (11).  
 I. scapularis is an ideal tick to do research with because of its public health significance 
and it is the only tick species to have a completely sequenced genome (12). The region of 
I. scapularis is readily expanding. In only one year, they have expanded their territory 
across multiple states in the US (Figure 1.1). This can partially be blamed on I. scapularis 
larvae and nymphs that sometimes feed on birds and are carried long distances while 
feeding (3, 12).  
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Ixodes scapularis is a competent vector for many disease-causing pathogens. In 
the United States, the species is responsible for spreading Lyme Disease, Babesiosis, 
Anaplasmosis, Tick Borne Relapsing Fever (TBRF), and the Powassan Disease.  
Figure 1.1 Life cycle of Ixodes scapularis.  
The eggs hatch into larvae which then  feed on a small host. After the blood meal, the larvae will molt into nymphs. After the second 
blood meal, the nymphs will molt into adults. It is not until the ticks reach the adult life stage they are sexually dimorphic. The adults 
will seek out a larger host, take a blood meal, and the female will lay eggs and die.  
 
 
Figure 1.2  US geographical distribution of Ixodes scapularis.  




CDC, 2017 CDC, 2018 
A  B 
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1.2 Tick Physiology 
1.2.1 Hematophagy 
Ticks, as previously mentioned, are hematophagous arthropods, which means they 
feed on blood. Ixodid ticks are slow feeders and can stay on the host varying from several 
days to weeks, whereas soft ticks can complete a blood meal in a few hours. The 
prolonged feeding time for ixodid ticks could be a reason that hard ticks transmit more 
diseases than soft ticks. The need to feed on a host’s blood exposes the tick to unwanted 
pathogens; therefore making it a parasite and a vector. Due to the fact that during blood 
feeding is when the tick is exposed to the pathogen, it is very important to understand tick 
hematophagy. In general, blood-feeding in Ixodid ticks takes place in two phases: slow 
feeding and fast feeding. Slow feeding, the initial feeding stage that lasts 6 to 9 days, is 
when the ticks feed slowly and experience small weight gain (13). Fast feeding, the rapid 
engorgement phase stimulated by mating, happens during the final hours of feeding 
(about 24 hours before detachment) (13). During slow feeding, a group of cells termed 
digestive cells are involved in intracellularly digesting the current bloodmeal in a process 
called heterophagy (13, 14). During fast feeding, digestive cells and midgut epithelial 
cells begin to serve as storage space for the large accumulation of blood (15). This 
increased storage allows for the largest intake of blood during the fast feeding stage, 
commonly referred to as the big sip. 
Figure 1.3 Size difference of Ixodes scapularis during feeding. 
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1.2.2 Heme Detoxification 
Hemoglobin, a protein responsible for transporting oxygen in vertebrate blood, is 
toxic to most cell systems because of its ability to generate free radicals that can cause 
lipid, protein, and DNA damage (16). Heme, a hemoglobin by-product, has been shown 
to be toxic to vector-borne pathogens such as malaria (17). The digestive cells previously 
mentioned have a well-developed lysosomal system. During heterophagy the host’s blood 
is converted to useable forms and unusable, toxic forms and are stored in residual bodies 
that are exported to the cytoplasm once accumulated (3, 18). One of the unusable, toxic 
forms, heme, is then transported to a hemosome via heme binding proteins where it 
aggregates and is stored and acts as the tick’s defense for heme cytotoxicity (19, 20). 
While ridding the cells of heme cytotoxicity by transporting it and locking it away is a 
functional mechanism, the cell has another mechanism to prevent negative effect of 
heme, enzymatic degradation. The enzymatic degradation mechanism is described via the 
Fenton reaction which produces free reactive oxygen species (ROS). Consequently, 
enzymatic degradation must be coupled with an environment capable of removing 
produced iron, if not, the degradation of heme to iron would cause damage to the tissues 
where it is present (21).  
The enzymatic processing of blood in tick hematophagy generates toxic levels of 
reactive oxygen species that can cause oxidative stress. Oxidative stress is cellular 
damage caused by an increase in ROS that interfere with proper cell function and could 
lead to cell injury and ultimately cell death. To maintain proper cell function, or 
homeostasis, the cell must neutralize the ROS before life-threatening damage is done. To 
neutralize ROS, the cell produces antioxidants to neutralize the ROS and prevent 
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oxidative damage. Ticks have an antioxidant system with antioxidants such as catalase, 
superoxide dismutase, glutathione peroxidase, peroxiredoxins, selenoproteins that are 
response for preventing oxidative damage from the presence of ROS (22). 
1.2.3 Endoplasmic Reticulum Stress 
In the cell, all proteins go through the ER. The ER is an organelle responsible for 
post-translationally modifying and assembling proteins to their functional conformation. 
Only properly folded proteins make it past the ER. As mentioned previously, when ticks 
feed on blood, they are exposed to many molecules that introduce stress into the midgut 
such as reactive oxygen species (ROS) that are generated due to heme detoxification. If 
the tick feeds on a host that is infected with a pathogen, the tick will be exposed to that 
pathogen. ROS production is one of the first lines of pathogen defense in the innate 
immune system, and the presence of a pathogen will elicit that response (23). Proper 
protein folding is dependent on redox homeostasis, consequently, an increase in oxidative 
stress disrupts the process and leads to improperly folded proteins (24). The cell produces 
more proteins to help maintain homeostasis, but the increased protein production leads to 
a build-up of misfolded proteins in the ER lumen. ER stress is the perturbation of normal 
ER function, for example, the disruption of proper protein folding. To relieve this stress, 
signaling proteins termed the unfolded protein response (UPR) signal to chaperones to 
quickly fold the proteins that are causing the “roadblock” in the ER. The roadblock of 
proteins is caused by the increased protein synthesis of antioxidants to deal with the 
increased stress (ROS or invading pathogens). If the ER still cannot catch up with the 
protein folding the ERAD pathway is then activated. The ERAD mechanism exports the 
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excess proteins to the cytosol degrades them so that the ER homeostasis is maintained. If 
homeostasis is not maintained, it will be deadly for the cell.  
1.2.4 Unfolded Protein Response  
The unfolded protein response is responsible for correctly folding unfolded and 
misfolded proteins in the ER lumen. The complex mechanism is initiated by the 
dissociation of glucose regulating protein 78 (GRP78), also known as BiP, from unfolded 
protein sensor genes, inositol-requiring enzyme 1 (IRE1), activating transcription factor 6 
(ATF6), and PRKR-like endoplasmic reticulum kinase (PERK). The three sensor genes 
are then translocated to the nucleus where they serve as transcription factors for 
chaperones, enzymes solely responsible for folding proteins. Additionally, PERK 
activates EIF2, a gene that represses translation. This mechanism serves as the first line 
of defense against ER stress in the cell.  
Figure 1.4  The unfolded protein response.  





1.2.5 Endoplasmic Reticulum Associated Degradation 
The endoplasmic reticulum associated degradation (ERAD) pathway is activated 
if the UPR is unable to alleviate the ER stress. A more extreme solution, the ERAD 
pathway exports the unfolded or misfolded proteins from the ER to the cytoplasm where 
they are degraded. The proteins are tagged by ubiquitination, which marks the protein for 
proteosomal degradation (25, 26). Ubiquitination is a reversible posttranslational protein 
modification that regulates protein degradation and membrane trafficking (27). Ubiquitin, 
a small, single polypeptide regulatory protein, is activation and conjugated to the proteins 
where they will then be retrotranslocated to the cytosol with the help of the Derlin 
proteins (27). The ubiquitinated protein in the cytosol will be recognized by the 
proteasome and will subsequently be degraded. This mechanism serves to quickly 
alleviate the ER of the misfolded protein load. If the ERAD pathway does not succeed, 






Figure 1.5  ER stress signaling pathway. 
Increased ROS generation leads to ER stress. The cell activates the UPR in which IRE1, ATF6, and PERK are sensor molecules that 
activate the translation of chaperone proteins. The ERAD pathway, with the help of ubiquitination and the Derlin proteins, exports 
misfolded proteins to the cytosol and degrades them. If those steps do not restore homeostasis, the cell will activate caspase and 
undergo apoptosis  
1.2.5 Selenoproteins 
Another way that the tick deals with the increased ROS in the midgut are by the 
production of novel selenoproteins. Selenoproteins are a group of proteins that contain 
the amino acid selenocysteine. There are 25 human selenoproteins, and they are coded for 
by UGA, which also serves as a stop signal in the genetic code (28). Out of the 25 
Pathogen Infection Hematophagy 











selenoproteins, 7 of them are localized in the ER: SelenoN, SelenoK, SelenoS, SelenoM, 
SelenoT, SelenoF, and DIO2(29). These selenoproteins have been found to play a role in 
cell-redox defense and in neutralizing reactive oxygen species to reduce cell damage due 
to the unique Sec residue incorporated in the proteins  (29-31). SelenoK is an 
endoplasmic reticulum protein having a role in maintaining ER homeostasis (30) and 
regulating Ca2+ flux for immune cell activation during infection (32). It is a target for m-
calpain, a calcium dependent protease that regulates cellular functions such as apoptosis, 
proliferation, and immune responses (33). This makes it a novel molecule to investigate a 
pathogen’s role in immune system evasion. SelenoS is involved in transport of 
multiprotein complexes from the ER to the cytosol during the ERAD pathway (34). There 
is a large amount of scientific literature that have confirmed SelenoM, SelenoT, and 
SelenoO as having redox properties and being suspected oxidative stress regulators (35-
37).  
1.2.6  Selenoproteins in ticks 
The research of tick selenoproteins is very limited. Thioredoxin reductase, a 
selenoprotein that serves as an antioxidant, has been found to play a role in microbiome 
maintenance within Amblyomma maculatum (38). In the tick species A. maculatum, 
knockdown of SelenoK only resulted in a smaller egg mass when compared to the 
irrelevant control (Adamson et al., 2014). When Selenocysteine-specific elongation factor 
(eEFsec) is silenced, an essential component of selenocysteine incorporation into 
polypeptide chains, pathogen load in the MG was depleted (39). However, ticks infected 
with B. burgdorferi showed an increase of 2 to 20-fold increase of SelenoK expression 
during feeding, and when SelenoK is knocked down, infection level decreases (40). 
 
12 
Important in function, selenoproteins in ticks have a compensatory mechanism and 
phenotypic changes in knockdown ticks are not observed (38, 40) suggesting the 
importance of functions that selenoproteins are involved in. Silencing of SelenoK and 
thioredoxin reductase both showed decreased pathogen loads which emphasizes the 
importance of selenoproteins in pathogen infection in tick systems (38, 40). Though 
extensive research has been done on human selenoproteins, little to none focuses on 
characterizing tick selenoproteins and investigating their role in pathogen facilitation. 
This project will work toward uncovering the role of selenoproteins in establishing and 
facilitating tick-borne pathogens.  
1.3 Ixodes scapularis spirochete pathogens 
1.3.1 Borrelia miyamotoi:  
Borrelia miyamotoi (BM) is a gram-negative, relapsing fever spirochete that 
belongs to the genus Borrelia. Spirochetes related to BM cause diseases such as Lyme 
Disease and Tick-Borne Relapsing Fever (TBRF). BM is the only relapsing fever 
spirochete that is transmitted by a hard tick (41) while other relapsing fever Borreliae are 
transmitted by soft ticks (42). B. miyamotoi was first identified in Ixodes persulcatus 
ticks in Japan and was classified as the “distant cousin” to Borrelia burgdorferi,  but has 
been found to be more closely related to the relapsing fever Borreliae (43). In 2011, BM 
was found to cause disease in humans and it has since made its way to the United States, 
Russia, and the Netherlands (44). BM has been found all over the United States, 
especially in areas where Lyme Disease is prevalent. Although BM was not identified 
until 1995, it has been speculated that past Lyme Disease cases could have been caused 
by BM, since they are phenotypically and genetically similar and recognized by the same 
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antigens (45). The detection of BB was reliant on the presence of the flagellin gene 
(FlaB) of the spirochete which shares a common ancestor with the flagellin gene of B. 
miyamotoi (Figure 1.6) and antibody-antigen detection which also detects BM. BM has 
been identified in all tick species that are vectors for Lyme disease: Ixodes scapularis, 
Ixodes pacificus, and Ixodes persulcatus (44). There has been no research published 
about Borrelia miyamotoi and its interaction and gene regulation inside the tick. 
 
Figure 1.6  Phylogenetic relationship of FlaB gene among Borrelia species (46). 
1.3.2 Clinical Diseases and Epidemiology 
In infected humans, BM causes a relapsing fever. Clinical signs of B. miyamotoi 
infection includes a febrile illness and is made evident by a recurring fever. B. miyamotoi 
infection is commonly misdiagnosed unless the patient is aware of a recent tick bite, 
which is not always the case. In a case study, a previously healthy 72-year-old woman 
was hospitalized due to muscle aches, anorexia, fever, and erythema migrans. The patient 
was treated for acute Lyme disease, but it was later discovered that the infection was BM 
(47). Immunocompromised patients infected with BM have a higher incidence rate of 
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developing meningoencephalitis and more severe complications (48). All BM infections 
are treated with a cycle of antibiotics. Evidence has surfaced that implies that BM 
becomes a systemic infection in the human host (45).  If left untreated, A systemic 
infection would ensure the overcome of the host’s immune system and would therefore 
promote bacterial survival.  Successful transmission of BM to a human host can occur 
within the first 24 hours post tick attachment but the longer the time of attachment, the 
more the chances of transmission rise (49). B. miyamotoi is an emerging tick-borne 
disease and along with the expansion of its vector’s geographical distribution, human 
exposure to the pathogen is only expected to increase.  
1.3.3 Pathogenesis and Immunity 
Being a zoonotic bacterium, B. miyamotoi has to be equipped to surpass two 
totally different immune systems. A common virulence factor of disease causing 
spirochetes is there variable gene expression of their surface proteins. In the B. 
burgdorferi and B. miyamotoi genome (50, 51), surface protein sequences are distributed 
between plasmids and chromosomes which undergo recombination events that make 
predicting a lipoprotein sequence almost impossible (52). The recombination provides 
antigenic diversity and variation and makes immune evasion of multiple systems 
achievable by the spirochetes. 
1.3.4 Infectious cycle of Borrelia miyamotoi 
B. miyamotoi has a very complex infectious cycle (Figure 1.7). The spirochete 
must survive and replicate in three different environments: a rodent reservoir, an 
arthropod vector, and a mammalian host. Although research has credited temperature 
specific antigenic variation as the mechanism to evade host immune system (53), there is 
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evidence that structural proteins also play a role in immune evasion. The flagellin gene 
(FlaB) contributes to the motility of spirochetes and gives the bacteria the ability to 
outrun the host’s immune system. Non-motile spirochetes of B. burgdorferi were created 
by generating a ∆flaB mutant and were unsuccessful in infecting immunocompromised 
mice, which is a common feat for the wild type (54).  
 
Figure 1.7  The infectious cycle of Borrelia miyamotoi and Borrelia burgdorferi 
 
1.3.5 Borrelia burgdorferi  
Borrelia burgdorferi is a spirochete bacterium that is part of the Borrelia genus. It 
is recognized as a lyme borreliae spirochete and causes lyme borreliosis, or Lyme 
disease, in humans. Borrelia burgdorferi is transmitted via the tick bite of Ixodes 
pacificus, Ixodes scapularis, Ixodes ricinus, and Ixodes persulcatus. In the United States, 
Ixodes pacificus is the main vector in the western states and Ixodes scapularis is the main 





1.3.6  Clinical Diseases and Epidemiology:  
Borrelia burgdorferi is the causative agent of Lyme disease. Lyme disease was 
clinically recognized in 1977 (56). Lyme Disease is one of the most popular tick-borne 
diseases due to its high prevalence. The infection presents itself as a febrile illness in the 
early stages of infection. As the infection progresses it spreads to all biological systems. 
Untreated infections can lead to arthritis and even neurological disorders (56). The 
treatment of Lyme Disease consists of prescribing broad spectrum antibiotics to kill all 
invading spirochetes. Although tre  Diagnosis of Lyme Borreliosis is normally 
characterized by a febrile illness and erythema migrans. Erythema migrans is a skin rash 
that occurs after the bite of a B. burgdorferi infected tick.  
1.3.7  Pathogenesis and Immunity:  
It has been speculated that in the past, studies that focused on B. burgdoferi could 
have been mistaken for B. miyamotoi. Burgdofer et al provided evidence that BB was 
transovarially transmitted in their infected lab colony (57) and a group of researchers 
studied the TOT rate of BB in I. ricinus and I. dammini (58). The detection of BB was 
reliant on the presence of the flagellin gene (FlaB) of the spirochete which shares a 
common ancestor with the flagellin gene of B. miyamotoi (Figure 1.6) and also antibody-
antigen detection which also detects BM.   
1.4 Lyme Borreliosis versus Relapsing Fever 
 While the spirochetes are distantly related, they have genetic differences that may 
contribute to a difference in pathogenesis. In research and clinical settings, Borrelia 
miyamotoi is commonly identified by the presence of a glpQ gene (59, 60). This gene is 
absent in Borrelia burgdorferi and eliminates the chance of misidentification. Interestingly, 
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the glpQ gene is responsible for hydrolyzing phospholipids to glyceraldehyde-3-phosphate 
(G3P), a precursor to synthesizing glucose (61). B. burgdorferi lacks the gene and has to 
use lengthier and more costly alternatives for glucose synthesis. Research has proven that 
B. burgdorferi is sensitive to reactive oxygen species (62), whereas, B. turicatae, a 
relapsing fever spirochete more closely related to B. miyamotoi, is hyperresistant to ROS 
when compared to B. burgdorferi sensitivity (63). It is genetic and behavior differences 
that contribute to a difference in pathogenesis. For example, B. burgdorferi establishes its 
initial infection in humans in the skin, causing the erythemia migrans (64). B. miyamotoi 
travels to the bloodstream within minutes and multiplies in circulation (65). These 
behaviors explain why B. burgdorferi spirochetes are commonly isolated from erythemia 
migrans, but B.miyamotoi is very rarely to never found in the skin (65, 66). It also explains 
why B. miyamotoi spirochetes reach very high levels of spirochetemia in the blood, unlike 
B. burgdorferi (65, 67). While B. burgdorferi and B. miyamotoi have a lot in common. 
They are both zoonotic bacterial spirochetes and are transmitted by Ixodid ticks but they 
do also have genotypic and phenotypic differences that contributes to a difference of 
pathogenesis and virulence (67). 
1.5 Vector Competence  
Vector competence is the ability of a vector to acquire, maintain, and transmit a 
pathogen a host. Ticks are competent vectors for bacteria, viruses, and protozoa. Vector 
competence is influenced by the genetic, environmental, and behavioral components (68). 
For pathogens to successfully colonize a vector, pathogens must overcome tick defense 
systems and be able to persist inside the tick (69). Tick defense systems include an innate 
immune response, ROS generation, the microbiome, and cell apoptosis. Identification of 
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molecular drivers that promote pathogen survival inside the tick have uncovered intimate 
tick-pathogen interactions, some of them being symbiotic (70-72).  
1.6 Tick Cell Lines 
There are over 40 tick cell lines available. ISE6 cells are a tick cell line 
established from ixodes scapularis embryonic cells. When tick cell lines were first 
established their main role was for tick pathogen proliferation (73). Since then the 
applications have broadened and tick cell lines provide an invaluable approach when 
studying tick-pathogen interactions (73). Tick development takes about 6 months in the 
lab and while the cell lines take up to 2 weeks to reach confluency. It makes projects with 
time constraints and limited samples possible. It provides a model to study the 
interactions between the tick cells and pathogens such as Borrelia miyamotoi and 
Borrelia burgdorferi. The cell lines have already proven themselves useful in studying 
tick-pathogen relationships such as exploring the proteome of the cells when they are 
infected with the TBF Langat virus (74) and performing RNAi to reveal proteins 
responsible for the success of TBF Langat virus infection (75). Ticks infected with BM 
and BB are hard to come by especially in the southern US. Infecting lab IS colonies is 
also difficult and artificial infection success rates are below 20 percent. To overcome this 
shortcoming, cell lines can be used to conduct studies to generate useful preliminary data 
to help understand tick-pathogen interactions.  
1.7 Rationale of this Study  
Lyme disease and tick-borne relapsing fever are diseases that cost the health care 
system billions of dollars in treatment, diagnosis, and prevention efforts (76). Although 
these diseases cost the human population their health and money, there is no cure for 
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these diseases, only treatment with broad-spectrum antibiotics that sometimes do more 
harm than good. The most promising eradication method would be an indirect vaccine 
approach. This approach entails treating the spirochetes within the vector and avoids drug 
administration to humans. To do so, one must understand the complex tick-pathogen 
interactions. The goal of this project is provide a stepping-stone of information that will 
allow us to begin to understand the interactions between Ixodes scapularis and Borrelia 
burgdorferi and Borrelia miyamotoi. Uncovering the tick-pathogen interactions will 
allow us to understand how these spirochetes are evading the immune system of the tick, 
thus revealing potential therapeutic targets to disrupt pathogen colonization and 
replication inside Ixodes scapularis. To help bridge the missing link in vector-borne 
pathogen colonization and tick cellular homeostasis, interactions of ER stress response 
proteins during Borrelia infection will be investigated. The goal of this work is to bridge 
the gap between research and application and provide precursors which can eventually 
lead to the development of an application to indirectly eradicate Lyme disease and 
Borrelia relapsing fever without administering human therapies, but by inhibiting tick 
colonization. Selenoproteins are poorly characterized in mammalian systems (28) and 
even more poorly characterized in tick systems. Some tick studies show that 
selenoproteins have antioxidant properties and have a role in ER stress mitigation (22, 38, 
39, 77, 78). BB is sensitive to ROS and pathogen induced ROS generation would be 
detrimental to the spirochete (62), but Borrelia infection induces ROS generation in 
Ixodes ticks (79). Interestingly, previous work in Ixodes scapularis suggests that a 
Selenoprotein K (SelK), an antioxidant, plays a role in the survival of BB within the tick 
(40). SelenoK knockdown Ixodes scapularis ticks showed decreased Borrelia burgdorferi 
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load, suggesting that ER homeostasis maintenance, oxidative stress maintenance (ROS 
production and neutralization), and antioxidant presence may play a role in facilitation of 
Borrelia infection in Ixodes scapularis. To uncover the link of pathogen facilitation, we 
investigated the ER stress response and antioxidant machinery response during Borrelia 
infection using a cell culture approach. Tick-pathogen interactions are complex 
mechanisms with compensatory actions to ensure longevity and functionality. Tick cell 
lines have proven to be a useful model to help understand these mechanisms (73). We 
used the ISE6 cell line (Ixodes scapularis embryonic cell line) to gain preliminary data 
and insight on the tick’s stress response during pathogen infection. 
Working Hypothesis 
Hypothesis 1: Borrelia miyamotoi and Borrelia burgdorferi infection activates the ERAD 
pathway and increases antioxidant production in ISE6 cells.  
To uncover the role of ER stress in facilitating infection Borrelia infection, the 
Ixodes scapularis cell line (ISE6) will be used to test the gene expression of selenogenes 
(SelenoK, SelenoM, SelenoN, SelenoO, SelenoS, and SelenoT) UPR genes (IRE1, ATF6), 
ERAD component genes (Derlin) and ER resident genes (QC) during infection. 
Hypothesis 2: Increased antioxidant production in ISE6 cells is in response to increased 
ROS species production caused by BM and BB infection.  
The overall objective is to test the molecular mechanism and response of ER 
homeostasis pathways to Borrelia infection in the Ixodes scapularis cell system. This will 






1. Determine the transcriptional gene expression of selenogenes, UPR, ERAD 
component, and ER resident genes in BM and BB infected ISE6 cells. 
The transcriptional gene expression determine the response of the tick’s ER 
homeostasis system to Borrelia infection. The wide array of tested genes are to 
show us the response of the entire ER homeostasis system. To better understand the 
link between ER stress, oxidative stress, antioxidants, and pathogen infection, we 
will investigate the transcriptional expression of a wide range of genes involved in 
the mitigation pathway as well as monitor pathogen infection levels. To mimic tick 
feeding times and pathogen acquisition, expression from the time points of 48 
hours, 96 hours, and 144 hours post infection will be evaluated.  
2. Induce ER stress in ISE6 cells by treating the cells with agents such as tunicamycin 
and thapsigargin that induce ER stress, and H202 and paraquat which induce 
oxidative stress within the cells.  
To further investigate and validate the role of ER stress in facilitating Borrelia 
infection, the transcriptional expression of ISE6 cells will be investigated when the 
cells are subjected to stressors that are proven to cause ER stress. The cells will  be 
subjected to H2O2, Paraquat, Thapsigargin, and Tuncamycin and the transcriptional 
expression will be investigated. This will give us an idea of the transcriptional 
expression of the cells when they are undergoing ER stress. If the expression is 
comparable to the expression from objective 1, it will tell us if ER stress is playing 
a role when the cells are infected.  
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3. Determine the level of ROS generation during Borrelia miyamotoi and Borrelia 
burgdorferi infection.  
To determine if ROS generation is involved in the mechanism of pathogen infection 
we will measure the levels of ROS and cell death in clean and infected cells using 
a fluorometric assay. This will determine if ROS are involved during pathogen 




CHAPTER II - MATERIAL AND METHODS 
2.1 ISE6 Culturing  
The ISE6 cell line derived from I. scapularis embryos were cultured according 
Munderloh and Kurtti (80). Briefly, the ISE6 cells were grown at 34C in L15-300 media 
with 5% Tryptone Phosphate Broth, 5% FBS, and 0.1% lipoprotein concentrate in the 
absence of CO2. The cells were grown to 80% confluency and passaged at a 1:5 ratio (1 
mL of cells, 4 mL of fresh media in a T-25 flask). 
2.2 B. miyamotoi culturing  
An isolate of B. miyamotoi (strain CT13-2396) was donated from the CDC, Fort 
Collins. Cultures were grown in a specialized medium supplied by the CDC. BM was 
grown at 34ºC with until the cells reached log phase (~4 days). For infection assays, the 
cells were harvested at a density of ~ 2 - 5 x 107 after being counted using a 
hemocytometer. The cells were centrifuged at 10,000 x g for 10 min at 4ºC and then 
resuspended in the appropriate amount of media to achieve the desired cell density. 
2.3 Borrelia burgdorferi culturing  
An isolate of B. burgdorferi (strain B31) was donated from the Dr. Monica Embers 
(Tulane University, Covington, La). Cultures were grown in BSK-H media with rabbit 
serum (Sigma Aldrich, Cat #B8291). BB was grown at 37ºC with 5% CO2 until the cells 
reached log phase (~4 days). For infection assays, the cells were harvested at a density of 
~ 2 - 5 x 107 after being counted using a hemocytometer. The cells were centrifuged at 
500xg for 10 min at 4ºC and then resuspended in the appropriate amount of media to 




2.4 ISE6 Infection with B. miyamotoi and B. burgdorferi 
Once the ISE6 cells reached confluency, the were infected with BM and/or BB as 
described previously (81). The clean ISE6 cells were inoculated with the supernatant of a 
log phase BM or BB culture (1-3 x 107) that was spun down at 500xg. The cells were 
harvested at 48 hours, 96 hours, and 144 hours post infection to mimic the timeline of a 
tick feeding. The expression of the genes were analyzed using qRT-PCR.  
2.5 Stress Induction on ISE6 cells  
ISE6 cells were seeded into 24 well plates at 500 μl of 1.0 × 106 cells/ml and 
incubated overnight at 34 °C. Cell medium was removed and replaced with culture 
medium with 1 uM Thapsigargin, 2 µg/mL Tunacamycin, 500 µM H2O2, or 5 mM 
Paraquat added and incubated for 24 hours. Concentrations and experimental workflow 
were adopted from previous studies (82) (83) (84). After the 24 hour period, the cells 
were washed three times with PBS and harvested, followed by an RNA extraction.  
2.6 Nucleic Acid Extraction and cDNA synthesis 
Purification of RNA was performed using the TRIzol reagent (ThermoFisher, MA) 
following the manufacturers protocol. Total RNA from experiment samples were reverse 
transcribed using the standard protocol with Bio-Rad iScript ™ Reverse transcription 
Supermix for RT-qPCR with 1 µg of RNA. 
2.7 Real-Time Quantitative PCR (RT-qPCR):  
RT-PCR was conducted using target gene primers designed to amplify samples 
from Ixodes scapularis. All primer sequences are available in Table 1. qRT-PCR analysis 
was conducted using Bio-Rad Thermocycler CFX96. 25 ng of synthesized cDNA, 10 
mM of primer, iTaq™ Universal SYBR® Green Supermix (BioRad, catalog #1725124). 
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RT-PCR cycles for all primers were as followed: 3 min at 50°C, 10 min at 95°C 40 
cycles of 15 s at 95°C, 30 s at 60°C and 30 s at 72°C. All samples were analyzed in 
triplicate and Rps4 was used as housekeeping gene (85).  
2.8 Quantification of Borrelia burgdorferi and Borrelia miyamotoi in ISE6 cells  
The process of quantifying Borrelia miyamotoi and burgdorferi infection level was 
mimicked from previous studies established to quantify the spotted fever group pathogen, 
Rickettsia parkeri, in tick tissues (78). Borrelia burgdorferi load in Ixodes scapularis 
tissues was quantified by quantifying the number of copies of Borrelia burgdorferi 
flagellin gene, flab, present per copy of housekeeping gene Rps4 (85) and Borrelia 
miyamotoi by quantifying the number of Glycerophosphodiester phosphodiesterase, glpQ, 
genes per Rps4 housekeeping genes. Their standard curves were determined by qRT-PCR 
based on serially diluted PCR products. qRT-PCR conditions were as follows - 50ºC for 3 
min, 95ºC for 10 min, followed by 40 cycles of 95ºC for 15 s, 60ºC for 30 s, 72ºC for 30 s 
for BM and BB. 
2.9 ROS Quantification 
Intracellular reactive oxygen species generated during BB and BM infection were 
quantified using the ROS sensitive probe, 2’,7’ –dichlorofluorescin diacetate (CM-
H2DCFDA) (ThermoFisher, Cat #C6827). Cells were exposed to infection and incubated 
with the probe at 34°C for 30 min. Fluorescence was measured using a spectrometer at 
emission 495nm and excitation 535nm. Results presented are means ± SD of two 





2.10 Cell Membrane Damage 
Cell death and membrane damage also was assessed using a commercial lactate 
dehydrogenase release assay (Sigma-Aldrich, TOX7) according to the manufacturer’s 
instructions. Briefly, ISE6 cells were seeded in a 24-well plate at a density of 
1.0 × 106 cells/ml and incubated for 24 hours. Complete media was replaced with 
OptiMEM™ reduced serum media (FisherSci, 31985062) and exposed to either BM or 
BB infection as described previously. Phosphate buffered saline  (PBS) was used as a 
negative control and 3% trition-x100 was used as a positive control for 100% cytotoxicity 
(LDH release). The absorbance was measured at 490 nm with a reference wavelength of 
690 nm. Results presented are means ± SD of two independent experiments with three 
biological replicates each. 
2.11 ISE6 Cell Protein Extraction 
Proteins were extracted from ISE6 cells using a specialized protein extraction 
buffer (50mM Tris-HCl pH 8.0, 50mM NaCl, 25 mM glucose, 10% glycerol, 0.1% Triton 
X-100, and 1.2 mg/ml lysozyme). The cells were incubated on ice with the protein 
extraction buffer and subsequently sonicated for 2 rounds of 10 cycles of 30s of 
sonication with 30s rests using a BioRuptor® Pico sonicator (Diagenode, Denville, NJ, 
USA ). The cell samples were spun down at 12,000 rpm for 10 min at 4°C and the 
supernatants were collected and pellets discarded. The total protein was quantified using 
the Braford Assay.  
2.12 Western Blot 
Proteins were extracted from clean (40 μg), 96 hpi BB infected cells (40 μg), 96 
hpi BM infected cells (40 μg) were separated on a 4-20% MINI Protean precast gels 
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(BioRad, catalog #4561093) using 1X SDS page buffer and was transferred onto a 
nitrocellulose membrane using a transblot cell using immunoblot buffer composed of 25 
mM Tris-HCl and 192 mM glycine in 20% methanol. After the successful transfer, the 
membrane was washed 5 times with TBS buffer supplemented with 0.1% Tween-20. The 
nitrocellulose membrane was then blocked with blocking buffer made of 3% bovine 
serum albumin (BSA) in TBS supplemented with 0.1% Tween-20 for 1 hour at room 
temperature followed by primary antibody  incubation overnight at 4°C. A Selenoprotein 
S monoclonal antibody (Santa Cruz Biotechnology, sc-365498)  was used as the primary 
antibody (1:1000 dilution). The antigen-antibody complexes were visualized using a 
secondary horseradish peroxidase-conjugated m-IgGκ BP (Santa Cruz Biotechnology, sc-
516102) at a dilution of 1:2,500, and were detected with SuperSignal chemiluminescent 
substrate (Pierce Biotechnology, Rockford, IL, USA) using a Bio-Rad ChemiDox XRS. 
2.13 Immunofluorescence  
Immunolocalization studies of Selenoprotein K were performed on clean, BB 
infected ISE6 96 hpi, and BM infected ISE6 96 hpi grown on cover slides. The cells were 
fixed in 100% methanol at -20°C for 15 minutes followed by blocking with PBS 
supplemented with 10% BSA for 30 min at room temperature. The cover slides were then 
incubated with SelS primary antibody (1:500 dilution) overnight at 4°C in 1% BSA PBS. 
Following incubation cells were washed 5 times with PBS and secondary antibody 
dilution (2 µg/mL), donkey anti-mouse AlexaFluor 546 (Invitrogen, catalog #A10036),  
was administered for 1 hour at room temperature. After several washes with PBS, cells 
were mounted using PROLONG Gold anti-fade reagent with DAPI (Life Technologies, 
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catalog #P36941) and visualized using a Zeiss LSM 510 META confocal microscope 
running ZEN 2009 software (Zeiss, Heidelberg, Germany). 
2.14 Data Analysis 
All data are expressed as mean ± SEM unless otherwise mentioned. Statistical 
significance between the two experimental groups or their respective controls was 
determined by the t-test (P value, 0.05). Transcriptional expression levels were 
determined by Bio-Rad software (Bio-Rad CFX MANAGER v.3.1), and expression 
values were considered significantly if P value, 0.05, when compared to control.
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CHAPTER III - RESULTS  
In order to analyze the ER stress and antioxidant response of Ixodes scapularis to 
Borrelia pathogen infection, ISE6 cells were exposed to infection and the transcriptional 
gene expression was analyzed temporally for 48 hours, 96 hours, and 144 hours. As 
mentioned earlier, ticks feed on average, 8 days. The time points were chosen to mimic 
pathogen exposure while feeding on an infected host.  
3.1 Effect of  Induced Endoplasmic Reticulum Stress on ISE6 cells 
Since our previous data shows the response of ER stress genes to Borrelia 
infection, our next step was to assess the response of the genes during actual ER stress. 
To induce ER stress, we exposed the ISE6 cells to 1 µM thapsigargin and 2 µg/µl 
tunicamycin. Thapsigargin, is an inducer of ER stress by inhibiting ER Ca2+ ATPase 
which causes a build-up of unfolded proteins in the ER lumen, hence causing ER stress 
(86). Tunicamycin, induces the unfolded protein response by inhibiting synthesis of N-
linked glycans in proteins (87). The transcriptional gene expression response was similar 
to the response to both Borrelia infections. Both ER stress inducers caused upregulation 
in all genes involved in ER homeostasis except for SelenoS during thapsigargin induced 
ER stress. Tunicamycin caused more upregulation than thapsigargin, over a 100-fold 




Figure 3.1  Gene expression of selenogenes, ERAD component, UPR, and ER resident 
genes when incubated with 1 µM Thapsigargin and 2 µg/mL Tunicamycin for 24 hours.  
The relative transcriptional expression of (A) selenogenes and (B) UPR and ER component genes when exposed to ER stressors, 
Thapsigargin and Tunicamycin. RT-PCR was used to determine the temporal transcriptional expression of treated and untreated cells. 
The change in gene transcription was normalized to untreated ISE6 cells (dotted line) and the Ixodes scapularis ribosomal protein 4 
gene (rps4) was used as the reference gene. A T-test was used to determine P-values, values >0.05 are considered statistically 
significant.  
3.2 Effect of  Induced Oxidative Stress on ISE6 cells 
Due to the antioxidant properties of the selenogenes that were investigated, we 
decided to take a look at the transcriptional gene expression response of ISE6 cells when 
they are exposed to oxidative stress. To induce the oxidative stress we used H2O2 and 
paraquat, both which are known to increase the production of ROS. Interestingly, we saw 
a different gene expression response with the two different oxidative stressors. Although 
there was an upregulation of all selenogenes except SelenoN and SelenoT in both cases, 
EIF2 and Derlin had no response in the case of paraquat induced oxidative stress. H2O2 
induced oxidative stress showed the highest upregulation of SelenoK and SelenoS, both 









































































































































Figure 3.2 Gene expression of selenogenes, ERAD component, UPR, and ER resident 
genes when incubated with 5 mM Paraquat and 500 µM H2O2 for 24 hours. 
The relative transcriptional expression of (A) selenogenes and (B) UPR and ER component genes when exposed to oxidative stressors, 
Paraquat and H2O2. RT-PCR was used to determine the temporal transcriptional expression of treated and untreated cells. The change 
in gene transcription was normalized to untreated ISE6 cells (dotted line) and the Ixodes scapularis ribosomal protein 4 gene (rps4) 
was used as the reference gene. A T-test was used to determine P-values, values >0.05 are considered statistically significant.  
3.3 Effect of Borrelia miyamotoi and Borrelia burgdorferi infection on the ER stress 
genes’ transcriptional gene expression in Ixodes scapularis embryonic cell line 
To test the response of selenogenes, ER component genes, and ER resident genes 
to BM infection (Figure 3.3) and BB infection (Figure 3.4), the temporal expression 
between the clean and infected ISE6 cells were analyzed. During both BM and BB 
infection, there is a significant upregulation of selenogenes (Figure 3.3A and 3.4A), UPR, 
ERAD component genes, and ER resident genes (Figure 3.3B and 3.4B). Most 
selenogenes were upregulated in all stages of feeding (early, mid, and late) while the 
ERAD genes were upregulated during the mid to late phase of infection with the 
exception of IRE1. In BB infection, selenogene upregulation was delayed until the mid-





















































































































UPR sensor genes ATF6 and IRE1, and ER resident gene QC were upregulated during all 
phases of feeding. EIF2α and Derlin were upregulated during mid and late phase of 
infection. Interestingly, in BB infection SelenoT was 1000-fold upregulated in 
comparison to BM infection where SelenoT was only slightly upregulated in the late 
phases of infection. Selenogene upregulation in BM infection was 115, 105, 10, 33, 28, 
and 2-fold for SelenoK, SelenoM, SelenoN, SelenoO, SelenoS, and SelenoT respectively. 
Whereas upregulation for selenogenes in BB infection were 8, 51, 31, 100, 28, and 447-
fold for SelenoK, SelenoM, SelenoN, SelenoO, SelenoS, and SelenoT respectively. The 
response of selenoproteins was higher in Borrelia burgdorferi infection than in Borrelia 
miyamotoi. This could be because it has been proven that BB is sensitive to ROS (62), the 
increased antioxidant activity of the upregulated selenogenes would promote the survival 
of BB.  
Figure 3.3 Effect of Borrelia miyamotoi infection on the ER stress genes’ transcriptional 
gene expression in Ixodes scapularis embryonic cell line. 
The relative transcriptional expression of (A) selenogenes and (B) UPR and ER component genes when infected with Borrelia 
miyamotoi. RT-PCR was used to determine the temporal transcriptional expression of clean and infected ISE6 cells. The change in 
gene transcription was normalized to uninfected ISE6 cells (dotted line) and the Ixodes scapularis ribosomal protein 4 gene (rps4) was 














































































































































Figure 3.4  Effect of Borrelia burgdorferi on ER stress genes transcriptional expression 
in Ixodes scapularis cell line (ISE6). 
Temporal expression of (A) selenogenes and (B) UPR and ER component genes when infected with Borrelia burgdorferi. RT-PCR 
was used to determine the temporal transcriptional expression of clean and infected ISE6 cells. The change in gene transcription was 
normalized to uninfected ISE6 cells (dotted line) and the Ixodes scapularis ribosomal protein 4 gene (rps4) was used as the reference 
gene. A T-test was used to determine P-values, values >0.05 are considered statistically significant. 
Co-infection with Borrelia miyamotoi and Borrelia burgdorferi has been found in 
nature but it uncommon. It could be that the infection with both species is too taxing for 
the tick and does not promote pathogen survival. To assess the ER stress and antioxidant 
response of Ixodes scapularis during co-infection, we used the same temporal 
transcriptional expression approach. All antioxidant selenogenes were upregulated at 48 
hours post-infection, except for SelenoM and SelenoT. For the ERAD and UPR sensor 
genes, there was upregulation starting from 96 hours of infection with the exception of 







































































































































Figure 3.5 Effect of Borrelia miyamotoi and Borrelia burgdorferi co-infection on ER 
stress genes transcriptional expression in Ixodes scapularis cell line (ISE6). 
Temporal expression of selenogenes (A) UPR, ERAD component, and ER resident  (B) genes when co-infected with Borrelia 
burgdorferi and Borrelia miyamotoi. RT-PCR was used to determine the temporal transcriptional expression of clean and infected 
ISE6 cells. The change in gene transcription was normalized to uninfected ISE6 cells (dotted line) and the Ixodes scapularis ribosomal 
protein 4 gene (rps4) was used as the reference gene. A T-test was used to determine P-values, values >0.05 are considered 
statistically significant. 
3.4 ROS Generation During BM and BB Infection  
We assessed the ER stress inside the cells during infection by measuring the 
transcriptional gene expression of genes involved in the UPR and ERAD pathways 
(Figures 3.3 and 3.4). To measure the oxidative stress inside the cells we used  2’,7’ –
dichlorofluorescin diacetate (H2DCFDA), a cell permeant dye that reacts with reactive 
oxygen species. Upon entering the cell, the dye is oxidized by ROS to 2’, 7’ –
dichlorofluorescein (DCF), a fluorescent compound that can be measured by fluorescence 
spectroscopy. To create a positive control, cells were exposed to 500 µM H2O2. After 48 
hours of Borrelia infection, there is significant upregulation of ROS when compared to 

































































































































































a routine aspect of cell homeostasis maintenance (88). After 96 and 144 hours of 
infection, BM infection had more ROS present than BB (Figure 3.6B and C). During 
infection, there was an initial spike of ROS that increased from 48 hours to 96 hours, but 
after 96 hours the generation of ROS slowed and the levels from 96 hours to 144 hours 
stayed the same and even decreased in the case of BM infection (Figure 3.6D).  
 
Figure 3.6 ROS generation during Borrelia miyamotoi and Borrelia burgdorferi 
infection. 
ISE6 cells were exposed to Borrelia infection for 48, 96, and 144 hours. The cells were then treated with H2DCFDA, a cell permeant 
dye that is oxidized by ROS inside the cells to a fluorescent compound that can be measured by fluorescence spectroscopy. A T-test 




















































































































































































































































































Figure 3.7 Cell death and plasma membrane damage of ISE6 cells when infected with 
BM and BB. 
The LDH assay is an enzymatic assay that measure the release of LDH from damaged cells. The probe in the assay reacts with NADH 
that is generated from LDH oxidizing lactate. The product of the reaction is a colored dye that can be measured by spectroscopy. The 
amount of color formed is proportional to the amount of LDH in the system. A) LDH release at 96 hours post-infection of Borrelia 
burgdorgeri. B) LDH release at 96 hours post-infection of Borrelia miyamotoi infection. C) Clean ISE6 cells D) Borrelia burgdorferi 
infected ISE6 cells with arrows pointing to cell death E) Borrelia miyamotoi infected ISE6 cells with arrows pointing to cell death 
3.5 Selenoprotein S 
Selenoprotein S was significantly upregulated during all Borrelia infections and 
induced ER and oxidative stress (Figures 3.1, 3.2, 3.3, and 3.4). Selenoprotein S is an 
antioxidant and is an ER transmembrane protein involved in the ERAD pathway (89, 90). 
To confirm the functional upregulation of SelenoS, protein was extracted from 
uninfected, BB infected, and BM infected ISE6 cells for western blot analysis. The 
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transcriptional expression of SelenoS (Figure 8). A Selenoprotein S monoclonal antibody 
from Santa Cruz Biotechnology was used as the primary antibody (1:1000 dilution). The 
SelS band (21 kDa) was absent in the Borrelia controls but present in all others. Due to 
intensity of the SelS band, it is clear that BM and BB infected cells have more 
selenoprotein S than the clean ISE6 cells. Due to this western blot analysis, we can 
confirm that there is a functional upregulation of Selenoprotein S during BB and BM 
infection. 
 
Figure 3.8 Temporal expression of SelenoS in ISE6 cells infected with Borrelia 
miyamotoi and Borrelia burgdorferi. 
The relative transcriptional expression of SelenoS when infected with Borrelia miyamotoi. RT-PCR was used to determine the 
temporal transcriptional expression of clean and infected ISE6 cells at 48, 96, and 144 hours post-infection. The change in gene 
transcription was normalized to uninfected ISE6 cells (dotted line) and the Ixodes scapularis ribosomal protein 4 gene (rps4) was used 
as the reference gene. A T-test was used to determine P-values, values >0.05 are considered statistically significant.  





































Figure 3.9 Immunodetection of  Selenoprotein S in BM and BB infected Ixodes scapularis 
embryonic cell line (ISE6). 
(A) WB with Selenoprotein S bands (21 kDa), (B) Reprobed WB with ß – tubulin. Lanes are 1) BB 2) BM 3) Clean ISE6 cells 4) 
ISE6-BB 96 hpi 5) ISE6-BM 96 hpi 6) Positive control  
 







Figure 3.10 Immunolocalization of Selenoprotein S  
Selenoprotein S in A) clean ISE6, B) BB- infected ISE6, and C) BM–ISE6. ISE6 cell images at 63X magnification using DAPI (blue), 
Selenoprotein S IgM (red) 
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CHAPTER IV - DISCUSSION 
The aim of this study was to uncover the role of the tick’s ER stress response and 
antioxidant systems in pathogen infection within the ISE6 cells. Previous studies show 
that after exposure to induced oxidative stress, the cell proliferation rate of ISE6 cells 
significantly decreased but cell viability was unchanged (84). During induced ER stress 
and oxidative stress, both antioxidants and ERAD genes were upregulated (Figures 3.1 
and 3.2) which insinuates that the two work together to maintain cell homeostasis. In the 
case induced ER stress, there was a up to 750-fold upregulation of selenogenes than 
ERAD pathway genes that were upregulated up to 150-fold. In the case of induced 
oxidative stress there was a 24-fold increase of SelenoS and a 9-fold increase of IRE1. 
The simultaneous upregulation of Selenogenes and ERAD pathway genes could be 
because of the link to the ER and mitochondria. While they are separate organelles, there 
is crosstalk between the ER and mitochondria via the mitochondrial-associated ER 
membrane (EMAM) to regulate energy production, calcium balance, and apoptosis (91). 
An increase in mitochondrial produced ROS could activate the crosstalk via EMAM to 
regulate antioxidant production to prevent cell death (92). This evidence suggests that 
there is interplay between selenogenes and the ERAD pathway for ER and oxidative 
stress mitigation.  
The impact of Borrelia miyamotoi and Borrelia burgdorferi on the cell’s ER 
stress response was analyzed by infecting Ixodes scapularis embryonic cells (ISE6). 
Previous works linked selenoproteins to maintaining ER homeostasis and pathogen load 
inside the tick (40, 77, 93). The response of the UPR and ERAD pathways were analyzed 
using real-time PCR. During both BM and BB infection, all selenogenes were 
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upregulated (Figures 3.3A and 3.4A) which strongly indicates that selenogenes play a 
role in pathogen defense. There is also an upregulation of UPR sensor genes are at 48 
hours post-infection (Figure 3.3B and 3.4B) which indicates that BB and BM infection 
induce levels of ER stress on the cells. 
The transcriptional gene expression of Borrelia miyamotoi infected ISE6 cells 
showed upregulation of antioxidant selenogenes after 48 hours of infection except for 
SelenoS and SelenoT (Figure 3.3A). Interestingly, SelenoT was only slightly upregulated 
after 144 hours post infection whereas in Borrelia burgdorferi infection, the upregulation 
of SelenoT was immediate (48 hours post infection) and up to a 1000 fold increase 
(Figure 3.4A). SelenoT has been speculated to play a role in antioxidant defense cells and 
Ca2+ signaling homeostasis (90). In comparison to Borrelia miyamotoi, the upregulation 
of selengenes was significantly higher in Borrelia burgdorferi infection (Figure 3.3A and 
3.4A). The high up-regulation of selenogenes during BB infection could be because BB 
has been proven to be sensitive to ROS (62) and the ROS scavengers (selenoproteins) 
protect the spirochete from free radicals and reactive oxygen species that can cause life 
threatening membrane and nucleic acid damage. 
After 48 hpi with BM, the only gene involved in the ERAD pathway that was 
upregulated was IRE1 (Figure 3.3B). IRE1, a conserved ER stress sensor gene, not only 
activates the transcription of chaperones to help with protein folding, but is also a 
positive regulator for cell survival (94). This is common for many bacteria who invade 
host cells and prevent apoptosis by activating and upregulating different cellular 
pathways (95, 96). During infection of BM and BB, the UPR sensor genes are all 
upregulated at 48 hours post-infection (Figure 3.3B and 3.4B) but EIF2 , a protein 
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translation regulator, was kept low in comparison to the other UPR sensor genes. While 
the other genes activate chaperones and post-translational modification of proteins, EIF2a 
is a translation repressor. It is likely that the this gene was kept relatively low so that 
translation would not be repressed to an extensive point. This would be especially 
beneficial for BB, a spirochete that needs antioxidant protection from ROS and cannot 
directly hydrolyze phospholipids to glyceraldhyde-3-phosphatase (G3P) for energy 
synthesis but must utilize much lengthier and costly processes (61). The upregulation of 
ER resident selenoproteins show that they may have an important role in maintaining ER 
homeostasis during infection by mitigating ER and oxidative stress (Figure 3.3A and 
34A) and the upregulation of UPR sensor genes and ERAD genes indicate that BB and 
BM infection induce levels of ER stress on the cells. 
Co-infection of BM and BB has been observed in tick and vertebrate hosts, but 
are not fully understood (66, 97-99). While some studies say that co-infection in ticks is 
becoming more common and abundant (66), others say that Borrelia burgdorferi 
infections are much more common than Borrelia miyamotoi and co-infections happen 
only by chance (98, 99). Coinfections in ticks have been proven to (1) facilitate pathogen 
emergence, (2) increase the suitability of reservoir hosts, and (3) enhance disease severity 
(100). While coinfection interactions between Borrelia miyamotoi and Borrelia 
burgdorferi have not been studied, studies suggest that coinfections with Borrelia 
burgdorferi and Babesia microti provide a survival advantage for both pathogens (101). 
Interestingly, in our cell culture system B. burgdorferi tended to outgrow B. miyamotoi 
(see appendix B) when inoculated with the same amount of spirochetes. There could be 
competition between the spirochetes in which B. burgdorferi is more fit, which could 
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explain why BM is more common. Babesia microti, a pathogen with low fitness, has 
higher parasitemia levels in mice when coinfected with Borrelia burgdorferi (101). The 
response of the ISE6 cells to BM and BB coinfection was similar to those of the 
individual infections. After 144 hours post infection, there was a 200-fold increase of 
SelenoK, an ER resident selenoprotein gene that has been linked with facilitating BB 
infection in Ixodes scapularis ticks (40). Interestingly, in the UPR there was a 275-fold 
increase of EIF2α, a UPR sensor gene responsible for protein synthesis attenuation. 
While the pathogens BB and BM are distantly related, there are differences between the 
two. Borrelia burgdorferi causes Lyme Borreliosis in humans whereas Borrelia 
miyamotoi causes relapsing fever pathology. BB is known for its ability to evade the 
host’s immune system and live in the skin (64, 102) while case studies show that BM has 
never been isolated from a patient through skin biopsy, even if the patient is infected with 
BM (66, 103). The upregulations of different genes at different timepoints during 
infection makes is clear that the pathogens have different infection mechanisms. BM 
achieves higher spirochetemia in the blood than BB, suggesting blood persistence as a 
main mechanism of survival while BB on the other hand, persists in skin and elastic 
connective tissues (103).  
Membrane damage and cell death of the ISE6 cells were measured during BM 
and BB infection to ensure that the cells maintained their viability. Introduction of the 
spirochetes to the cell system did induce cell damage but not a significant amount (Figure 
3.7). This evidence shows that the activation of mechanisms to maintain homeostasis 
were successful, otherwise there would be a significant amount of cell death via 
apoptosis, a damaging result to the cell and pathogen.  The occurrence of intracellular 
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ROS was measured using H2DCFDA, a cell permeant dye that is oxidized by ROS inside 
the cells to a fluorescent (2', 7'- dichlorofluorescein (DCF) compound that can be 
measured by fluorescence spectroscopy. After introduction of BM and BB there was a 
significant increase of ROS when compared to the control after 48, 96, and 144 hours 
post infection (Figure 3.6). These results suggest that pathogen infection stimulates the 
production of ROS in the ISE6 cell system. This could explain the immediate 
upregulation of ROS scavenging selenoproteins. Interestingly, BM induces a significant 
amount of ROS generation but does only induces a small amount of membrane damage 
which could be in response to the increased selenoprotein production.  
Immunoblotting demonstrated that SelS protein are more highly expressed in the 
Borrelia burgdorferi and Borrelia miyamotoi infected ISE6 cells than in the uninfected 
cells, which corresponds with our data showing the upregulation of ROS during BB and 
BM infection (Figure 3.6). Immunolocalization of SelS in clean and infected ISE6 cells 
support our data of an upregulation of SelS in BB and BM infected cells (Figure 3.10). 
The increased fluorescence of SelS in BB infected cells is supported by the more intense 
band protein band in immunoblotting. These data along with the transcriptional gene 
expression, and ROS quantification strengthens the idea that infection with BM and BB 
induces ER and oxidative stress followed by subsequent activation of the ERAD pathway 
and antioxidant proteins. After compiling and analyzing the data, we have come up with a 
hypothetical model of the cascade of events that happen when tick cells are infected with 
BB and BM (Figure 4.1). Pathogen infection induces the generation of ROS from the 
mitochondria and the ER, which without the ROS mitigating processes (UPR, ERAD, 
and antioxidant production) would cause death to the pathogen and to the tick cells. 
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Which leads us to believe that pathogen facilitation within the tick system is an accidental 
process spearheaded by the cell’s stress mitigation pathways.  
  
Figure 4.1 Hypothetical model of ISE6 cells ERAD and antioxidant response during BB 




CHAPTER V - CONCLUSION 
Vector-borne diseases effects a majority of populations and their health. 
Treatments for these diseases cost the public millions of dollars each year. To come up 
with effective control strategies, it is important to understand the interactions between 
both the pathogen responsible for causing the disease and the vector responsible for 
transmitting the pathogen. For successful bacterial infection inside the tick, the bacteria 
must have mechanisms to overcome the tick’s multiple defenses. B. burgdorferi and B. 
miyamotoi have evolved mechanisms to overcome I. scapularis defenses and colonize 
and replicate inside the tick. Upon pathogen infection, the tick’s immune system 
produces reactive oxygen species as an immediate defense against invading pathogens 
(53, 104, 105). Although reactive oxygen species are essential for controlling invading 
pathogens, an increased amount can be detrimental not only to the pathogen, but to the 
host’s cells as well. To avoid damage, the cell must maintain homeostasis by activating 
pathways such as the UPR, ERAD, and antioxidant production.  
In this study we sought out to uncover the interactions between the Ixodes 
scapularis tick and the pathogens Borrelia burgdorferi and Borrelia miyamotoi. To do so, 
we looked to understand the effect of Borrelia infection on ER and oxidative stress inside 
ISE6 cells. Our results indicate that pathogen infection induces ER stress and oxidative 
stress on the cells. As a result of the induced ER stress, Borrelia infection causes an 
upregulation of antioxidant selenogenes and ERAD genes to alleviate the stress. We 
induced ER stress and oxidative stress on the cells to analyze the response of the 
selenogenes and ERAD genes under confirmed stress to compare the responses of 
induced stress response to pathogen infection response. What we found was that the 
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response of the cells to pathogen infection is similar to the response during induced stress 
which confirms that infection induces stress and upregulates the stress response system in 
ISE6 cells. The resultant increase of selenogenes and their known antioxidant activity 
could play a role in pathogen facilitation.  
Previous studies have showed a functional role of SelK in Borrelia burgdorferi 
infection. Interestingly, our studies shows an upregulation of gene transcripts and protein 
presence of SelS during both BB and BM infection, suggesting a multifaceted mechanism 
in stress alleviation and pathogen facilitation. This study identifies antioxidants, ER stress 
homeostasis genes, and pathogen presence as a few of the multiple facets involved in the 
mechanism.  
As mentioned earlier, using a cell culture approach is optimal for gaining 
preliminary data and insight on the tick’s stress response during pathogen infection. 
Although there are normally differences from cell lines and the actual organisms, the cell 
culture system is a great way to investigate and uncover promising molecules that may 
have a functional role in pathogen facilitation, like SelenoS. Using ISE6 cells restricts 
this study to one cell type so the future of this study is to further investigate the functional 
role of SelenoS in the cell culture system by using a RNA-interference approach (RNAi) 
and to further that investigation into the organism’s different cell types to fully elucidate 
the function of selenoprotein S and its role in ER stress and pathogen facilitation. Further 
investigation should include an introduction of additional controls such as a bacterial 




APPENDIX A – Primer sequences  
 
Table A.1 All primer sequences used in this study.  
 
Gene  Gen.Bank 
Accession # 
5’ Primer Sequence 3’ Amplicon 
Length (bp) 






R: GAGCAGGTCCAGGTCAAAG  102 
Derlin XM_002408564.1 F: ATCCCTATAGCTACGGTTCTCA 
R: TAGCTCACCTGCTCAACAATC 
90 
SelenoK XM_002403043.1 F: CGACGGACAATCGGACAAATA 
R: TGCTTCAACGGGAAGTAAGG 
82 
SelenoT XM_002435524.1 F: GCAGCTTCAGAACAAAGGTAATC 
R: GTTGGAGGTGTGGCTTTCT 
138 
SelenoN  XM_002434432.1 F: GGGAAATGGAACTCTCGATGT 
R: GCTGAACTGACTGGGTGAAA 
100 
SelenoS XM_002405080.1  F: CACTTGGGATCCTTATTCTCTATGT 







glpQ KJ003841.2  F: GCACGACCCAGAAATTGACAC  
R: CAGTGGCGTAATATCGTCCGT  
96 
flaB Stone et al., 2015 F: GGGTCTCAAGCGTCTTGG 
R: GAACCGGTGCAGCCTGAG 
139 
ATF6 XM_002404285.1 F: CGGCAGCAGAGGATGATAAA 
R: CACCTCGAGCTCCAATTTCT 
90 
EIF2 XM_002415917.1 F: ATCCATTCCCAAGGGCTTATC 
R: CAGTCCAAAGTCACCCAACT 
96 





APPENDIX B – Infection levels during transcriptional gene expression experiments 
Figure B.1 Infection levels of A) Borrelia burgdorferi, B) Borrelia miyamoti, and C) B. 
burgdorferi and B. miyamotoi coinfection during temporal gene expression studies. 
Borrelia burgdorferi load in Ixodes scapularis tissues was quantified by quantifying the number of copies of Borrelia burgdorferi 
flagellin gene, flab, present per copy of housekeeping gene Rps4 and Borrelia miyamotoi by quantifying the number of 
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